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Available online 8 March 2008Chicken liver bile acid-binding protein (L-BABP) is a member of the fatty acid-binding proteins super family.
The common fold is a β-barrel of ten strands capped with a short helix–loop–helix motif called portal region,
which is involved in the uptake and release of non-polar ligands. Using multiple-run molecular dynamics
simulations we studied the interactions of L-BABP with lipid membranes of anionic and zwitterionic
phospholipids. The simulations were in agreement with our experimental observations regarding the
electrostatic nature of the binding and the conformational changes of the protein in the membrane. We
observed that L-BABP migrated from the initial position in the aqueous bulk phase to the interface of anionic
lipid membranes and established contacts with the head groups of phospholipids through the side of the
barrel that is opposite to the portal region. The conformational changes in the protein occurred
simultaneously with the binding to the membrane. Remarkably, these conformational changes were
observed in the portal regionwhich is opposite to the zone where the protein binds directly to the lipids. The
protein was oriented with its macrodipole aligned in the conﬁguration of lowest energy within the electric
ﬁeld of the anionic membrane, which indicates the importance of the electrostatic interactions to determine
the preferred orientation of the protein. We also identiﬁed this electric ﬁeld as the driving force for the
conformational change. For all the members of the fatty acid-binding protein family, the interactions with
lipid membranes is a relevant process closely related to the uptake, release and transfer of the ligand. The
observations presented here suggest that the ligand transfer might not necessarily occur through the domain
that directly interacts with the lipid membrane. The interactions with the membrane electric ﬁeld that
determine orientation and conformational changes described here can also be relevant for other peripheral
proteins.
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The fatty acid-binding proteins are a super family of lowmolecular
mass molecules (14–15 kDa) with common structural and functional
characteristics. They can bind fatty acids and other non-polar
compounds. It is assumed that, in general, their function in the cell
is to transport and store non-polar compounds. The common fold of
the family is a β-barrel of ten anti-parallel strands arranged in two
orthogonal β-sheets surrounding an inner cavity where the ligand can
be located [1]. Two short α-helices are capping the barrel. It is
proposed that a conformational change involving this domain can
produce an opening that allows for the exchange of the ligand [2].ontich).
ing protein; FABP, fatty acid-
-3-phosphoserine; DPPC, 1-
T-IR, Fourier transforminfrared;
ll rights reserved.Probably, these proteins are involved in the transfer of non-polar
compounds between cell compartments. Studies about the interaction
of several FABPs with lipid vesicles of controlled composition show
that FABPs can transfer non-polar compounds to lipidmembranes by a
mechanism in which the ligand reaches the membrane by diffusion
through the aqueous phase [3] or as the result of a direct collision of
the protein with the membrane [4,5]. The transient interactions that
these proteins establish with the membrane are likely to play a key
role in both mechanisms.
Chicken liver bile acid-binding protein (L-BABP) belongs to this
family. Its function is more likely that of a bile acid transporter than a
fatty acid transporter [6]. In a previous work, we found that L-BABP
binds to lipid membranes made of an anionic lipid when the aqueous
medium is of low ionic strength. Instead, in the presence of 0.1 M NaCl
no binding to the zwitterionic or to the anionic lipid was detected,
which indicates that the binding is driven mainly by electrostatic
forces. L-BABP is partly unfolded when it is bound to the anionic
membrane, as evidenced by the changes in the infrared spectrum
when compared with the spectrum of the native protein in solution.
Table 1
System compositions and initial conditions
Run Water molecules Timea Orientationb Distancec Contactsd
SOL-1 3400 10 na na na
SOL-2 4400 10 na na na
SOL-1+E.F 4400 10 na na na
DLPS-1 7700 18 20 3.5 0
DLPS-2 5800 20 90 2.2 33
DLPS-3 5800 12 90 2.1 10
DLPS-4 5400 11.5 90 1.8 180
DLPS-5 5400 10 90 1.7 269
DPPC-1 8400 4.5 90 2.7 0
DPPC-2 6400 5.8 90 1.7 150
na — not applicable.
a Simulated time in nanoseconds.
b Angle between the main axis of the protein and the normal to the membrane.
c Distance between the center of mass of the protein and the the plane determined by
the average location of the phosphate groups in the monolayer closest to the protein.
d Number of contacts between the atoms in the membrane. A contact is deﬁned if the
distance between a pair of atoms is less than or equal to 0.5nm.
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unordered structures and a decrease in the proportion of β-sheet
components in the membrane-bound protein when compared to the
native protein in solution [7].
In the present work we used molecular dynamic simulations to
investigate at the molecular level the interactions that L-BABP
establishes with the lipid membranes. With these simulations we
aimed to understand how the protein binds to the membrane and
further describe the conformational changes observed by FT-IR. We
simulated L-BABP in solution, in the presence of either anionic or
zwitterionic lipid membranes, and under the inﬂuence of an external
electric ﬁeld. For the anionic lipid we used dilauroylphosphoserine
(DLPS), while for the zwitterionic lipid was dipalmitoylphosphocho-
line (DPPC). The initial conditions of the simulations explored
different orientations and distances of the protein with respect to
the membrane. We included starting positions with the protein either
completely hydrated in the bulk water or already bound to the
membrane. The simulations reproduced the experimental observa-
tions regarding the capacity of L-BABP to bind anionic lipids and the
acquisition of a new conformation in the lipid environment. Besides,
the simulations also provided detailed information about the possible
orientation of the protein in the interface and the relationship be-Fig. 1. Initial and ﬁnal structures of simulations. Panels A initial, and B ﬁnal DLPS-1. Panels C
magenta, β-sheet in yellow, turns in cyan, and unordered segments in white. The protein ma
angle of about 20° with the normal to the membrane, while in C the angle is of about 90°. No
20–30° implies that the barrel of the protein is visually normal to the membrane.tween the conformational changes and their possible relationship
with the mechanisms of ligand transfer. Our results point to the
electric ﬁeld generated by the anionic membrane as the principal
cause of the effects observed. This study is valuable not only to
describe this particular system, but also to understand in general the
interactions that lead several soluble proteins to establish transient
interactions with lipid membranes.
2. Methods
2.1. Simulated systems
We performed molecular dynamic simulations of L-BABP in solution and in the
presence of anionic and zwitterionic lipid membranes. The starting structure for the
protein was obtained from X-ray experiments [6]. For the simulations in water, SOL-1
and SOL-2, the protein was solvated with 4400 and 3400 SPC [8] water molecules
respectively in a dodecahedron box. In simulation SOL-1+E.F. an external electric ﬁeld
of 108 V/m was applied to the last frame of simulation SOL-1 (see Table 1).
For the simulations of the interactions with the anionic membrane, we placed the
protein above a previously equilibrated membrane box containing 116 molecules of the
anionic lipid DLPS. The polar head group of DLPS contains two negatively charged
groups, a phosphate and a carboxylate, and one positively charged amino group. The
protein was located at different distances from the membrane and in different
orientations in order to sample a representative number of possible interaction modes.
We performed ﬁve simulations in anionic membranes: DLPS-1, DLPS-2, DLPS-3, DLPS-4
and DLPS-5. In the initial conditions of simulations DLPS-1, DLPS-2, and DLPS-3, the
protein established very few or no contacts with the membrane. In DLPS-1, L-BABP was
located relatively far from both interfaces and with the main axis almost parallel to the
normal to the membrane surface (Fig. 1A). In the starting conﬁgurations of DLPS-2 and
DLPS-3, the center of mass of the protein was closer to the membrane than in DLPS-1
and the main axis was oriented parallel to the membrane surface (Fig. 1C). In the initial
conditions of DLPS-4 and DLPS-5, the center of mass of the proteinwas located closer to
the membrane than in the other simulations, with the main axis parallel to the
membrane surface and establishing a large number of contacts with the lipids.
To simulate the interactions with the neutral membrane, the protein was placed
above a pre-equilibrated bilayer of 120 molecules of the zwitterionic lipid DPPC. In
simulation DPPC-1, L-BABP was located in the water phase, establishing no contacts
with the lipids. In DPPC-2 the proteinwas initially located in the interface, establishing a
large number of contacts with the membrane and with only 70 water molecules
between the protein and the membrane. This conﬁguration corresponds to a protein
bound to the membrane. In both cases L-BABP was oriented with the main axis parallel
to the membrane as in Fig. 1C. Table 1 summarizes the details of the different systems.
2.2. Molecular dynamics simulations set-up
The GROMOS-87 force ﬁeld [9] was used for the protein while the lipids were
treated with the parameters described by Berger et al. [10]. This combination was used
successfully in many simulations of the interaction of proteins and peptides with lipidinitial and D ﬁnal DLPS-2. The protein is colored by secondary structure, with α-helix in
crodipole is represented with a green arrow. In A, the main axis of the protein forms an
te that due to the deﬁnition of the main axis of the protein used in this work, an angle of
Fig. 3. Root mean square deviation from the crystallographic structure mapped on the
protein main chain. rmsd values are from an average of simulations SOL-1 and SOL-2.
The width of the trace is proportional to the rmsd. The numbers indicate residues in
zones with high mobility.
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according to the pKa of the free amino acid in the solution. Considering a pH of 7, the total
charge on the proteinwas +2. In all the caseswe added the necessary amount of Na+ or Cl−
ions to obtain an electrically neutral system. Cl− ionswere added for the simulations of the
protein in solution and in the presence of zwitterionic membrane, while Na+ ions were
added in the simulations of L-BABP in anionic lipid membranes. The electrostatic
interactions were handled with the SPME version of the Ewald sums [12]. The settings for
the SPMEmethod were as follows: a real space cutoff of 0.9 nm, a grid spacing of 0.12 nm,
and a cubic interpolation. In all the simulations, a dielectric permittivity of 1 was assumed
and the vanderWaals interactionswere cut off at 1.2nm. The simulationswere carried out
in the NPT ensemble using the Berendsen thermostat and barostat [13]. The protein, the
membrane, and the solvent were weakly coupled separately to a temperature bath with a
reference temperature of 323 K and a relaxation constant of 0.1 ps. The pressure was
maintained constant by coupling to a referencepressure of 1 barwith a relaxation constant
of2.0ps. In the simulations of theprotein in solution thecouplingwasapplied isotropically,
while in the simulations in thepresence of themembrane the pressure scalingwas applied
semi-isotropically. The bonds in the protein and the lipidswere constrained using the LINCS
algorithm [14]; for the bonds and bond-angle of the water molecules we used the SETTLE
algorithm [15]. The time step for the integration of the equation ofmotionwas 5 fs due to the
use of virtual sites in the polar hydrogen atoms of the protein and the lipids [16]. The non-
bonded list was updated every 4 steps. To release steric clasheswe performed 1000 steepest
descent cycles. Prior to every production run, a series of 4 equilibration steps of 100 ps each
wasperformedapplyingposition restraints toall theatoms in theprotein. The restraint forces
were 1000, 600, 200, and 75 kJ/Å2 in each equilibration step respectively. Every run,whether
of equilibration or production, was started with a different set of initial velocities in order to
produce different trajectories. The secondary structure content of the protein was analyzed
using theDSSPprogramofKabsh andSander [17]. A contact between twoatomswasdeﬁned
if they were separated by 0.4 nm or less. With this deﬁnition, no water molecules could be
placed between the interacting pair of atoms.We represented the orientation of the protein
by the angle formed between the normal to themembrane and themain axis of the protein,
heredeﬁnedas the axis running through the centerof the cavityandparallel to theβ-strands.
The simulations and part of the analysis of the trajectories were performed using
the GROMACS 3.2 software package [18].
3. Results
To understand how the interactions with lipid membranes inﬂuence
the conformation and stability of L-BABP, we simulated the protein in
solution and in the presence of anionic and zwitterionic lipidmembranes.
The simulations of theprotein in solutionwereused to evaluate the ability
of the force ﬁeld to maintain the structure of the protein. They also pro-
vided referencevaluesof secondary structure to comparewith theprotein
in themembrane. As described in detail below, nomajor deviations from
the crystallographic structure were observed in solution. Binding to an-
ionic membranes occurred in a deﬁned orientation together with a de-
crease in the number of residues with deﬁned secondary structure.
3.1. L-BABP in solution
We performed two simulations of L-BABP in solution, SOL-1 and
SOL-2. The root mean square deviation (rmsd) from the crystal-Fig. 2. Evolution of the root mean square deviation of the Cα atoms from the
crystallographic structure for the protein in solution. Simulation SOL-1 is in black, and
simulation SOL-2 in red. At 10 ns an electric ﬁeld of 108 V/m in the same direction of the
protein dipole was applied to simulation SOL-1 (SOL-1+E.F., green curve). The curves
were smoothed using a running average with a window of 10 ps.lographic structure for SOL-1 and SOL-2 (Fig. 2) deviated only slightly
from the initial coordinates throughout the simulation. The mobility
of the different parts of proteinwas analyzed by mapping the rmsd on
the main chain (Fig. 3). In agreement with NMR experiments [19,20]
the residues with larger mobility were those located in the so-called
portal region, at the entrance of the internal cavity, mainly the helix II
(residues 23–30), the βC–βD loop (residues 52–58) and the βE–βF
segment (residues 72–76). The secondary structure content was
calculated with the DSSP algorithm of Kabsh and Sander [17]. Brieﬂy,
this algorithm deﬁnes the secondary structure of a residue taking into
account the hydrogen bond pattern of the residue and its neighbors.
Table 2 shows these results together with the values for the initial
crystallographic coordinates. The number of residues in α-helix and
β-sheet was very similar to the crystallographic structure, while the
residues in turn decreased in the simulations. This decrease can be
explained if we take into account that the crystallographic structure
was obtained at 100 K [6]. Then, it can be expected that some resi-
dues must acquire higher mobility at the temperature used in theTable 2
Secondary structure content of the different simulations as calculated with DSSP[17]
Runa Helixb Β-Sheet Turns Totalc
Crystallographicd 14 72 18 104
SOL-1 15.6 71.8 12.6 100
SOL-2 15.7 70.8 11.8 98.5
SOL-1 + E.F. 15.6 65.2 10.0 91.8
DLPS-1 13.0 69.3 11.9 95.7
DLPS-2 15.5 68.7 11.2 95.7
DLPS-3 15.7 67.5 10.5 94.8
DLPS-4 15.8 68.5 12.5 96.9
DLPS-5 15.5 68.7 12.5 97.5
DPPC-1 15.8 70.7 11.9 98.7
DPPC-2 15.6 73.1 13.9 102.6
a The name of the system. See Table 1 for details.
b The sum of α-helix+π-helix+310-helix.
c The sum of α-helix+π-helix+310-helix+β-sheet+turn+β-bridge.
d The values calculated for the crystallographic structure.
Fig. 5. Evolution of the root mean square deviation of the Cα atoms from the
crystallographic structure, for L-BABP interacting with anionic membranes in simula-
tions DLPS-1 through DLPS-5. The curves were smoothed using a running average with
a window of 10 ps.
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decrease is also in agreement with the higher ﬂexibility of turns as
compared with other secondary structures.
We calculated the macrodipole of L-BABP. It is oriented along the
axis of the β-barrel, with the positive end pointing towards the bottom
of the barrel (Fig.1). The average value is 175 Debyes. Thismacrodipole
results from the asymmetric distribution of the charged residues,
since the symmetry of the barrel cancels out the protein backbone
dipoles, and the macrodipoles of the helices are oriented in opposite
directions. Being dependent on the position of the side chains, the
module and direction oscillates slightly with time in the simulation.
Considering that the increase in the rmsd for the simulations in
solution was small and that the global secondary structure was
preserved, we concluded that the force ﬁeld that we are using is
suitable to simulate this macromolecule. It must be noted that these
two relatively short simulations produce a better sampling of the
conformational space than a single run spanning the same amount of
total simulation time, as shown by Caves et al. [21]. They have shown
that a single run evolves rapidly to a partial minimum in the energy
landscape and tends to remain exploring the corresponding con-
formation. The probability of exploring other conformations separated
by small energetic barriers is increased by running several simulations
with different sets of initial velocities [21]. The same advantage was
obtained when we studied the interaction with lipid membranes,
using several simulations, as described below.
3.2. Interactions of L-BABP with the anionic lipid membrane. Location,
orientation, and number of contacts established with the membrane
We performed ﬁve simulations of the L-BABP located near a lipid
membrane made of the anionic lipid DLPS. We selected different
initial conditions regarding the distance between the protein and the
lipid membrane and the orientation of the protein relative to theFig. 4. The evolution of the distance between the protein and themembrane, the protein
orientation and the number of contacts between the protein and the membrane for
simulations DLPS-1 through DLPS-5. A — Distance between the center of mass of the
protein and the plane determined by the average location of the phosphate groups in
the monolayer closest to the protein. B — Angle between the main axis of the protein
and the normal to the membrane. Note that due to the deﬁnition of the main axis of the
protein, an angle of 20–30° implies that the barrel of the protein is almost normal to
the membrane. (See Fig. 1A for an example of the protein with an orientation angle of
20°). C — Number of contacts between the atoms of the protein and the atoms of the
membrane. A contact is deﬁned if the atoms are at a distance of less than or equal to
0.4 nm.membrane as summarized in Table 1. We evaluated the distance from
the center of mass of L-BABP to the center of mass of the phosphate
groups in the monolayer closest to the protein (Fig. 4A), the angle that
the main axis of the protein established with the normal to the
membrane (Fig. 4B), and the number of contacts established with the
membrane lipids (Fig. 4C). Simulation DLPS-1 started with the protein
in the water phase with the center of mass at about 3.5 nm from the
bilayer, with the main axis parallel to the membrane normal and
establishing no contacts with the lipids (see also Fig. 1A). The protein
explored different orientations while it was approaching to the
membrane, made contacts with the lipids through the residues
located in the bottom of the β-barrel, settled in a ﬁnal inclination
similar to the initial condition (see also Fig.1B), and reached a constant
distance to the membrane. In simulations DLPS-2 to DLPS-5 the
protein started with the barrel perpendicular to the membrane
normal as in Fig. 1C. In DLPS-2 and DLPS-3 there were almost no
contacts between the protein and the membrane in the starting
conﬁguration, and the protein was completely surrounded by water
molecules. In both simulations the axis of the protein rotated from
perpendicular to parallel as it approached themembrane. The rotation
equilibrated fast, within the ﬁrst 5 ns, while the equilibration of the
number of contacts took longer times. The ﬁnal snapshot of the DLPS-
2 is shown in Fig. 1D. In DLPS-4 and DLPS-5 there were a large number
of atomic contacts already established with the membrane in the
initial condition. Few water molecules were placed between the
protein and the membrane — only about 80 are at 0.5 nm of the
protein and 0.5 nm of the membrane at the same time. This situation
corresponds approximately to one hydration layer shared by theFig. 6. Total number of residues with secondary structure of L-BABP interacting with
anionic lipid membranes as deﬁned with the DSSP algorithm [16]. The values plotted
are the sum of α-helix+π-helix+310-helix+β-sheet+turn. The dashed line is the
average value of the two simulations in solution. The curves were smoothed using a
running average with a window of 100 ps.
Fig. 8. The probability of ﬁnding a residue in β-sheet in the simulation minus the
probability of ﬁnding the residue in β-sheet in the crystal. An extreme value of 0 in the y
axis means that the residue that is in β-sheet in the crystal, remained in this structure
throughout the whole simulation. An extreme value of −1 means that the residue that
was in β-sheet in the crystal transformed to coil during the course of the simulation.
1394 M.A. Villarreal et al. / Biochimica et Biophysica Acta 1778 (2008) 1390–1397protein and the membrane. DLPS-4 followed the same trend as the
previous two simulations, i.e. the protein rotated and placed the
bottom of the barrel in contact with the membrane, the number of
contacts diminished as the protein rotated, and then they increased
again. In DLPS-5 the protein remained in a conﬁguration similar to the
starting one. There were no changes in the angle, the position of the
center of mass, or the number of contacts.
3.3. Conformational changes in the anionic lipid membrane
When L-BABP approached to the anionic lipid membrane and
established contacts, no global changes in the structure as measured
by the rmsd values were observed (Fig. 5). For simulations DLPS-1 to
DLPS-5, the rmsd followed the same trend observed for the protein in
solution (Fig. 3) and reached similar values. Also the radius of gyration
remained constant and similar to the values for the simulations in
solution, indicating that the global structure remained unchanged
(data not shown). Nevertheless, local structural changes produced by
the interaction with the membrane might still occur. To study this
possibility we evaluated the content of secondary structure with the
DSSP algorithm [17] (Fig. 6). The general trend was that the number of
residues with deﬁned secondary structure was reduced in the
simulations in the presence of anionic lipid membranes as compared
with the simulations in water. Also there was a correlation between
the onset of the number of contacts through the bottom of the barrel
and the decrease of secondary structure. For example in simulation
DLPS-1 the number of residues with secondary structure remained
around the average observed in solution until about 8 ns, where
L-BABP started to make contacts with the membrane (Fig. 4C).
The decrease in secondary structure that occurred when L-BABP
was bound to the anionic lipid membrane was mainly due to a reduc-
tion in the number of residues in β-sheet, while the other secondary
structures remained largely unchanged (Table 2). The distributions of
the number of residues in β-sheet (Fig. 7) were wider and displaced to
lower values with respect to the simulation in solution, which
indicates a net change in the secondary structure and also an increase
in the ﬂuctuations.
To investigate how the changes in β-structures were distributed
along the sequence, we calculated the difference between the
probability of ﬁnding a residue in β-sheet in a simulation, (evaluated
as the number of frames in which the residue was in β-structure
normalized by the total number of frames) and the corresponding
value in the crystal structure (1 and 0 for residues in β structure and
another secondary structure respectively). These differences are
plotted in Fig. 8. An extreme value of 0 in the y axis in Fig. 8 means
that the residue that is in β-sheet in the crystal, remained in this
structure throughout the whole simulation. An extreme value of −1
means that the residue that was in β-sheet in the crystal lost thisFig. 7.Distribution of the number of residues classiﬁed as β-sheet by the DSSP algorithm
[17]. The curve SOL is the average of the results for the two simulations inwater, and the
curve DLPS is the average of all the simulations of the protein in the anionic membrane.secondary structure during the whole course of the simulation. In
solution, the βC–βD loop (residues 52–58) and the βG–βH segment
(residues 91–95) are the zones of the protein with larger decrease of
β-sheet structure. It must be noted that the βE–βF segment (residues
72–76), which is one of the zones with highest rmsd in solution
(Fig. 3), did not show reductions of secondary structure. The same
behavior was observed for the helices: they are very mobile according
to the rmsd (Fig. 3), but the secondary structure did not change
(Table 2). This indicated that the ﬂexibility observed for the βE–βF
and for the helix II is due to motions of these segments as a whole,
while for the βC–βD loop the high rmsd is due to a labile secondary
structure. In the simulations in the anionic membrane, we observed
that all the β-sheet structure was weakened (Fig. 8), and the βC–βD
loop was the most affected. This loop is the major contributor to the
global loss of β-sheet structure shown in Fig. 7, and it is located in the
portal zone which is opposite to the domain that established con-
tacts with the membrane. The average distance of this loop to the
membrane interface, calculated for all simulations, was 3.5 nm. It is
expected that at this distance the dielectric constant equals that of
the bulk solution [22].Fig. 9. The evolution of the distance between L-BABP and the membrane (panel A), the
number of contacts between L-BABP and the membrane (panel B), and the number of
residues with secondary structure (panel C), for simulations DPPC-1 and DPPC-2.
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In a previous work, we showed that L-BABP does not bind to
zwitterionic lipids [7]. Here we performed two simulations of L-BABP
in the presence of zwitterionic lipids using different initial conditions
(see Table 1). Both simulations started with the main axis of the
protein parallel to the plane of the membrane as shown for simulation
DLPS-2 in Fig. 1C. The difference between these two simulations was
the initial distance of the protein to the membrane. In simulation
DLPC-1 the protein was fully hydrated and established no contacts
with the membrane, while in DPPC-2 the protein started in close
contact with the membrane. Fig. 9 shows the distance of the center of
mass of L-BABP to the surface of the membrane, the number of
contacts with lipids and the secondary structure content for DPPC-1
and DPPC-2. When L-BABP was initially located far from the
membrane and fully hydrated (simulation DPPC-1), the distance to
the surface steadily increased (Fig. 9A), no contacts were established
(Fig. 9B), and the protein experienced no conformational changes
(Fig. 9C). In DPPC-2 the proteinwas initially placed in contact with the
lipids with only 70 water molecules that were at a distance of 0.5 nm
from the protein and to the membrane at the same time, that is,
without a full hydration layer between the protein and themembrane.
In this case, L-BABP moved further towards the membrane, increasing
the number of contacts (Fig. 9A), decreasing the distance between the
center of mass and the membrane (Fig. 9B), and increasing its
secondary structure content (Fig. 9C). It must be noted that although
the protein approached the membrane to a larger extent than in any
other simulation, the contacts still involved only the lipid polar head
groups and no contacts were established with the lipid hydrocarbon
chains.
As in the simulations with the anionic lipid, the rmsd from the
crystallographic structure reached values similar to those observed in
water (data not shown) and, therefore, there was no global conforma-
tional change in both runs. Nevertheless, as discussed before, changes
in secondary structure still can occur. The analysis of the secondary
structure is summarized in Table 2. When L-BABP remained in the
solution, as in simulation DPPC-1, the distribution of the number of
residues in β-sheet (Fig. 7) was the same as in the solution in the
absence of membranes, while the distribution was shifted to higher
numbers when the protein was placed in the zwitterionic lipid mem-
brane already making contacts with the lipids through a dehydrated
protein–membrane interface as in simulation DPPC-2.
The result of simulation DPPC-2 was in agreement with the well
described effect of the low dielectric constant of the lipid–water
interface on the protein structure. In general, both in the inner
hydrocarbon core and in the lipid–solvent interface, intra-molecular
hydrogen bonds are stabilized as compared with the polypeptide in
solution. Consequently, an increase in secondary structure is prompted
in the bound protein as compared to the protein in bulk solvent [23].
In principle, this effect may also be expected in the anionic lipid
membrane although the opposite trend was observed both in
experiments and simulations: the average change as detected by FT-
IR spectroscopy is a decrease in the protein structure [7] and the
detailed information supplied by the present simulations also showed
a decrease of secondary structure in the anionic lipidmembranes. This
apparent inconsistency can be explained if we consider that the βC–βD
loop that contributes the most to the conformational change is well in
the water phase and that long range electrostatic interactions must
have an inﬂuence on the protein conformation.
3.5. Effect of an electric ﬁeld on the structure of L-BABP
When the protein approached the anionic lipids, it was located
within the electric ﬁeld generated by the charge excess in the
membrane surface. This electric ﬁeld must exert a force in the charges
and dipoles of the protein and will probably inﬂuence the structureand dynamics of the protein. To study the effect of the electric ﬁeld,
isolated from other interactions that occur in the actual membrane,
we simulated the protein in the solution applying an external electric
ﬁeld. The electric ﬁeld was introduced in the simulation by means of
an external force, Fex, on every atom, with modulus Fex=q ·E, where q
is the electric charge on the atom and E is the magnitude of the
electric ﬁeld. We placed an electric ﬁeld of 108 V/m, parallel to the
macrodipole of L-BABP, and constant along the box. This is the electric
ﬁeld value at the interface that we obtained by integrating the Poisson
equation in the simulations of anionic lipid membranes (data not
shown). It is also similar to the value calculated with the Gouy–
Chapman model for an equivalent charged surface [24]. The simula-
tion started from the last frame of simulation SOL-1.
No global structural changes are detected as the rmsd remained
within the values found in solution (Fig. 2). Nevertheless, the protein
experienced a loss of secondary structure similar to that observed
when L-BABP was bound to the anionic lipid membrane: the
distribution of residues with β-structure was shifted to lower values
(Fig. 7), and the βC–βD loop (residues 52–58) is themost affected zone.
The other secondary structures remained almost invariant in the
electric ﬁeld (Table 2).
4. Discussion
In the present simulations we found that L-BABP moved towards
and bound to anionic lipid membranes when it was placed in the bulk
solvent in the initial position. The binding was evidenced by the
proximity of the protein to the lipidmembrane and also by the increase
in the number of contacts between protein and lipids (Fig. 3). We
sampled several representative initial conditions regarding orienta-
tions and distances to the membranes. This is a necessarily limited
number as comparedwith the large quantity of possibilities, and other
initial orientations might yield different ﬁnal conﬁgurations for the
protein–membrane system. Nevertheless, the fact that four out of ﬁve
different runs were biased toward the same ﬁnal orientation with the
bottom of the barrel interacting with themembrane, strongly suggests
that this is a preferred orientation when the protein reaches the
membrane from the bulk aqueous solution (Fig. 1B and D). It must be
acknowledged that evenwhen the present simulations converged and
reached an equilibrium, they can still represent only the ﬁrst steps of
the binding process. It cannot be ruled out that further changes in
location and orientation occur at longer times.
According to the present simulations, and in agreement with
previous experimental observations [7], the interactions of L-BABP
with anionic lipids can be considered as peripheral, since the lateral
chains were in contact only with the lipid head groups and there were
no contacts with the hydrophobic lipid chains or penetration into the
lipidmembrane. The bindingmode revealed by the simulations can be
explained within a simple electrostatic background, taking into
account the positive net charge and the macrodipole of L-BABP. The
protein has an isoelectric point of 9.2 and it is positively charged
at pH 7, which favors the binding to negatively charged membranes.
L-BABP also has amacrodipole lying along the axis of the β-barrel, with
the positive end pointing towards the bottom of the barrel (see Fig. 1).
The macrodipole results from the asymmetric distribution of charged
residues along the β-barrel, since the symmetry of the barrel cancels
out the protein backbone dipoles, and the helices run in opposite
directions. Its exact location and moduli vary as the side chain moves
around its equilibrium position, but it is always pointing toward the
bottomof the barrel. The orientation of the protein thatwe observed in
the simulations corresponded to the conﬁguration of lowest energy in
the negatively charged surface, that is the positive end of the
macrodipole pointing to the negatively chargedmembrane. Regarding
this ﬁnding, it is interesting to compare the orientation found in recent
simulations of the related protein intestinal FABP from rat (rat-IFABP).
Usingmolecular dynamics simulationswith an implicit representation
1396 M.A. Villarreal et al. / Biochimica et Biophysica Acta 1778 (2008) 1390–1397of themembrane, Mihajlovic and Lazaridis [25] found that this protein
interacts with anionic membranes through the helices of the portal
zone, which is in agreement with experimental evidence [26,27]. This
orientation is opposite to that found in the present work for L-BABP.
Our calculation of the protein macrodipole of rat-IFABP (not shown)
indicates that it is also in the opposite direction of L-BABP. Hence, in
the simulations, both proteins acquire an orientation favored by the
dipolar interaction with the charged surface. In order to estimate
the contribution of dipole interactions to the protein orientation in
the interface we evaluated the difference of energy between the
parallel and anti-parallel orientation of the macrodipole in the electric
ﬁeld of the membrane. These two situations correspond to the bottom
of the barrel of L-BABP towards themembrane or towards the solution
respectively. The energy of a dipole in an electric ﬁeld isU=p. E · cos(α).
U is the electrostatic energy, p is the magnitude of the dipole moment,
E the magnitude of the electric ﬁeld, and α is the angle between the
vectorsp and E. According to this calculation in the vacuum, the energy
difference between the parallel and anti-parallel orientation for a
dipole with a magnitude of 200 Debyes in an electric ﬁeld of 108 V/m
is 1.33×10−19 J. This is about 30 times larger than the thermal energy
kT. This value should be reduced by the dielectric constant of the
interfacewhich varies dependingon the precise location of the protein.
If we consider an average dielectric constant in the interface of 30, the
energy difference is comparable to kT. This very simpliﬁed calculation
suggests that the dipolar interaction can effectively contribute to bias
the orientation of the protein in a preferred direction.
The electrostatic nature of the binding suggested by the simula-
tions is consistent with the experimental observation that the increase
in ionic strength decreases the afﬁnity of L-BABP for the anionic lipid
membrane [7]. Despite being explained by global electrostatics effects,
the binding may still include contributions from speciﬁc interactions.
Analyzing the contacts with the membrane in the ﬁnal stages of
simulations DLPS-1 to DLPS-4, we found that between 85% and 95% of
the contacts (depending on the run) were made by residues Arg, Lys,
Asn, Gln, or the N-terminal Ala. These residues can establish
electrostatic interactions with the lipid head groups either through a
salt bridge as in the case of Arg, Lys, and the N-terminus, or by
hydrogen bonds with the charged groups COO− or PO4− in the case of
Asn and Gln. We found that Gln-41, Gln-42, Lys-43 and Lys-66 were
consistently in contact with the membrane in the ﬁnal stages of the
simulations, DLPS-1 to DLPS-4. Based on this observation, it can be
proposed that these residues are relevant for the binding process, and it
could be interesting to produce pointmutations to study their inﬂuence
on the strength of membrane binding. Another interesting point to
explore is the possibility that mutations in the portal zone, i.e. located
opposite from the proposed binding site to the membrane, could affect
the binding strength and orientation by altering the protein macrodi-
pole. For example, amutation K29Awould produce an increase of 80% in
the magnitude of the macrodipole. On the other hand, a mutation E25K
should produce the reversion of the macrodipole.
When the membrane was made of the zwitterionic lipid DPPC and
the protein was placed in the bulk solution (simulation DPPC-1), no
rotation or displacement towards the membrane was observed. The
number of residues with deﬁned secondary structure remained
constant, with values similar to those observed in the simulation of
the protein in solution. When the protein was initially placed within
the interface already establishing contacts with the head groups and
with very few water molecules between the protein and the mem-
brane, L-BABP remained bound to the zwitterionic lipid (simulation
DPPC-2). This result suggests that L-BABP could, in principle, make
stable interactions with the zwitterionic lipid membranes as long as
competing water molecules are removed from the lipids and from the
protein. According to this model, it could be proposed that the
electrostatic interactions between basic residues in the protein and
the anionic lipids are strong enough to compensate for the unfavor-
able dehydration. Regarding the relevance of dehydration in theprocess of binding, itmust be noted that the interactionwith the anionic
lipids through the bottom of the barrel requires a minimum displace-
ment of water molecules from the hydration shell of both the protein
and themembrane. This is because a smaller surface area of the protein
and of themembrane is involved if comparedwith amode of interaction
in which the barrel is placed parallel to the membrane surface.
No major structural changes involving the whole protein were
observed in the simulations (Figs. 2 and 5). Nevertheless, the native
structure was destabilized to some extent due to the interactions with
the anionic lipids, as revealed by the decrease in the amount of
residues with a deﬁned β-sheet secondary structure (Figs. 6 and 7).
This observation has a correlationwith the experimental information:
using Fourier transform infrared spectroscopywe observed changes in
the secondary structure of L-BABP when it binds to anionic lipid
membranes. The changes have to do with a partial unfolding and a
decrease in the band corresponding to β strands [7]. The changes
observed in the simulations are smaller than those measured by FT-IR
spectroscopy, but they are clearly in the same direction. While all the
beta barrel is somewhat affected by the interaction with the mem-
brane, the βC–βD loop (residues 52–58) is the most modiﬁed region
(Fig. 8). It is very important to take into account that these changes did
not take place in the region where direct contacts were established
with the membrane, but on the opposite side of the protein. This is an
indication that global and long range properties of the membrane
environment, rather than the interactions of particular residues, are
the driving force for the conformational changes. Considering the
characteristics of the system, the most obvious candidate to explore is
the inﬂuence of electrostatics interactions on the protein structure.
For this reason we studied the effect of an electric ﬁeld (simulation
SOL-1+E.F.) and we found that it produced a conformational change
similar to that observed in the protein bound to anionic lipid mem-
brane. The decrease in the number of residues with deﬁned secondary
structure and the identity of these residues reproduced the changes
observed for the simulations in the anionic lipid membrane (Fig. 8). We
can speculate that chemical groups in the peptide bond bearing large
dipole moment will tend to align with the electric ﬁeld producing
distortion in the structure and in the hydrogen bond network.
In this series of simulations another conformational change was
observed, namely the increase in β structures that occurred when we
placed the protein in contact with a zwitterionic membrane with very
few water molecules between them (simulation DPPC-2). In this case
the protein was located in an environment of low dielectric constant,
which strengthens the intra-molecular hydrogen bonds [23] and was
not inﬂuenced by an electric ﬁeld. This situation is to be contrasted
with the simulations in the anionic membrane where the conforma-
tional change is mainly located in a region nearly 3.5 nm far from the
membrane surface. At this distance the residues that lost β-sheet
structure are in a dielectric media similar to the bulk solution [22] but
they are still inﬂuenced by the electric ﬁeld of the membrane.
In agreement with NMR experiments [19,21], we noted (Fig. 3),
that the residues with larger mobility were those located in the so-
called portal region, at the entrance of the internal cavity, mainly the
helix II (residues 23–30), the βC–βD loop (residues 52–58) and the
βE–βF segment (residues 72–76). The analysis of the secondary
structure allowed us to detect an important difference in the βC–βD
loop: the mobility in these residues is due to ﬂuctuations in the
secondary structure, while the mobility of the helix II and the βE–βF
loop is due to the motion of the whole group. It is remarkable that the
conformational change produced by the electric ﬁeld, whether
imposed in a simulation or generated by the membrane, is con-
centrated in the region with largest ﬂuctuations of secondary struc-
ture already existing in the solution (Fig. 8).
The result of these simulations can help to understand some aspects
of the mechanisms of ligand transfer in FABPs. Two mechanisms have
been described for the transfer of non-polar compounds between lipid
membranes and FABPs. In the case of FABPs from mammalian liver, the
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membrane by diffusion [3]. FABPs from intestine, adipose and heart
muscle tissue instead, transfer the ligand to the membrane as a con-
sequence of an effective collision between the protein and the mem-
brane [28]. The α–loop–α domain in FABPs is critical in deﬁning the
transfermechanism[26]. The replacementof this domain inhuman liver
FABP, which follows the diffusional mechanism, by the α–loop–α
domain from the intestinal FABP produces a chimerical protein that
behaves as a collisional FABP [27]. Besides, electrostatic interactions are
involved in the collisional transfer mechanism: when the positive
charges in the α–loop–α domain of hearth FABP are eliminated or
mutated by neutral residues, the rate of ligand transfer to themembrane
is modiﬁed [29]. These observations indicate that the α–loop–α is a key
domain for the collisional transfer of ligands and suggest that this is the
domain that directly interacts with the membrane in the proteins that
follow the collisional mechanism of transfer. The results of our
simulations suggest that in L-BABP, the α–loop–α is not the domain
that interacts directly with the lipid membrane. Our observations are in
good agreementwith the results and themodel proposedbyDavies et al.
[30,31]. They have shown that even when the transfer of the ligand to
the membrane by the mammalian liver FABP is controlled by diffusion
[3], the release of the ligand is strongly dependent on the interactions
that the protein establishes with the lipid membrane, and that these
interactions are very sensitive to the ionic strength and to the presence
of anionic lipids in the membrane [30]. In these works individual
positive charges were mutated to negative charges in the surface of rat
liver FABP. It was observed that the binding to anionic lipid membranes
and the release of the ligand were not affected when the mutations in
amino acidswere located in the α-helix domain. Instead, themembrane
binding and ligand release decreased when the point mutations in the
β-barrel domain [31]. For L-BABP, no experimental information is
available about the transfer mechanism and the role of the α-helices or
other domains in the interactions with lipid membranes. The present
simulations allow us to propose that the relevance of the portal region
in the mechanism of transfer would not be dependent on the direct
binding to the membrane, but to the structural destabilization suffered
when the protein interacts through the bottom of the barrel.
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